The effect of reducing systemic arterial pressure with an arteriovenous fistula on left and right ventricular myocardial blood flow was studied in 17 anaesthetised, open chest, autonomically blocked dogs. Global and regional myocardial blood flows were measured with radioactive microspheres. As mean arterial pressure was reduced from 133 mmHg to 78 mmHg left ventricular myocardial blood flow and the left ventricular inner to outer flow ratio decreased progressively. By contrast, right ventricular myocardial blood flow remained constant (range 78-8 1 ml-rnin-'. 100 g-') whereas right ventricular vascular resistance fell linearly (from 235 to 130 kPa.litre-'.min. 100 g-'). The inner to outer right ventricular free wall flow ratio (range 1.04-1.10) and blood flow to the right side of the interventricular septum also did not change significantly. It is concluded that the right ventricular myocardium shows effective autoregulation of total and regional tissue blood flow during changes in coronary perfusion pressure.
artery flow may not accurately reflect the pattern of right ventricular myocardial tissue perfusion.
The main aim of the present study was to examine the effect of a uniform change in right ventricular perfusion pressure, produced by systemic hypotension, on right ventricular myocardial blood flow. We also compared right ventricular and left ventricular myocardial blood flow responses during arterial pressure reduction. Experiments were conducted under controlled conditions in anaesthetised, open chest, autonomically blocked dogs. This preparation permitted assessment of the "steady state" effects of arterial pressure reduction without confounding reflex alterations in heart rate or cardiac ~ontractility,'~ both of which are major determinants of myocardial blood flow.16 l7
Methods
Seventeen mongrel dogs weighing 25.4 (SEM 1.4) kg were anaesthetised with intravenous sodium pentobarbitone 20-30 mg-kg-', followed by a constant infusion of 6 mg-kg-'.h-'. The animals were intubated and artificially ventilated at an end expiratory pressure of 4 cm H 2 0 (0.4 kPa) using room air supplemented with oxygen. Ventilation was adjusted so that Paco, remained between 35 and 40 mmHg (4.7-5.3 kPa). Intravenous sodium bicarbonate was given as necessary to keep arterial pH between 7.3 and 7.4. Body temperature was maintained at 36-38°C using a water blanket (Gorman-Rupp K-12) and a heated table.
The chest was opened in the fifth left interspace and the pericardium incised over the left atrial appendage. A large cannula (size 36-40F) was introduced into the left atrial cavity and connected to a reservoir to control mean left atrial pressure. The reservoir was filled with heparinised blood mixed with low molecular weight dextran ( 10% Rheomacrodex in normal saline). A high fidelity micromanometer (Konigsberg P4. S ) , precalibrated at 37°C. was inserted through the apical dimple to record left ventricular pressure in all animals. In three dogs a second micromanometer (Konigsberg P4.5) was introduced into the right ventricular cavity through its free wall to measure right ventricular pressure. In these animals a catheter was also inserted into the right atrial cavity to provide a pressure reference for the right ventricular micromanometer. The edges of the pericardial incisions were reapproximated with interrupted sutures so that the pericardium was intact apart from the 2-3 cm opening for the left atrial cannula. An arteriovenous fistula was then created between the aorta and an internal jugular vein by inserting a plastic Y piece into a segment of the thoracic aorta during 2-3 min occlusion between cross clamps. The protruding arm of the Y piece was connected to a jugular venous cannula (size 18-24F) with wide bore tubing. An intervening roller pump permitted precise regulation of flow through the fistula.
IGXPERIMENTAL PROTOCOL
Both cervical vagosympathetic trunks were cut and autonomic ganglia blocked with mecamylamine (2 1ng.kg-l iv 1. These procedures eliminated reflex heart rate changes resulting from a 60 s bilateral carotid occlusion, and reflex alterations in left ventricular contractility secondary to reduction of arterial pressure." The heart was paced at 150 beats.min-' with a stimulator (Grass SD9) attached to a bipolar left atrial electrode.
With mean left atrial pressure held at 15 mmHg, mean arterial pressure was reduced stepwise with the arteriovenous fistula from the control value to approximately 100, 90, and 80 mmHg. Steady state conditions were maintained for 5-10 min at each reduced pressure. Haemodynamic variables were recorded at the control and reduced pressures, and myocardial blood flow was then measured with radioactive microspheres. Cardiac output was determined in five dogs during the pressure reduction with the thermodilution technique. Dextrose 5% at room temperature was injected into the right atrium and time-temperature curves recorded from a thermistor probe situated in a main pulmonary artery.
HAEMODYNAMIC AND BLOOD FLOW

MEASUREMENTS
Arterial and atrial pressures were measured with fluid filled catheters. connected to Statham P23D strain gauge transducers. The mid-thoracic vertebral spines were used as the zero reference level. Ventricular, arterial, and atrial pressures were monitored with a Devices M 16 paper recorder.
Myocardial blood flow was measured with 15 p m radioactive microspheres using the reference sample method. I9 Approximately 1 million microspheres were mixed in 2 ml of physiological saline for 10 min by ultrasonication and manual agitation and then injected into the left atrial cavity over 30-40 s with 15 ml of saline. The isotope labels were randomly selected from"'Ce, 51Cr, "'Sn , "Sr, 95Nb, or 46Sc (New England Nuclear). A reference sample was withdrawn at 12 mlemin-l from an aortic catheter with a mechanical pump (Harvard 940A). commencing 5-10 s before injection and ending 75-90 s after injection.
At the end of the experiment the animal was killed with an overdose of sodium pentobarbitone and potassium chloride. The heart was removed, placed in fixative for 7-10 days, and then dissected for counting of radioactivity. The great arteries, epicardial fat, large coronary vessels, valves, and atria were removed and discarded. The right ventricular free wall was separated from the septum and sectioned in a transverse plane into upper, middle, and lower slices (fig 1). These were each divided into anterior, lateral, and posterior segments. Each segment was further subdivided into inner (endocardial) and outer (epicardial) halves. The intact septum and left ventricular free wall was partitioned into four transverse rings of equal thickness and these in turn were divided into five radial segments. Each segment was then dissected into a number of transmural layers, which were pooled into inner and outer halves. Each heart thus yielded a total of 58 tissue samples, 18 from the right ventricular free wall and 40 from the left ventricular free wall plus septum.
The radioactivity of the reference (r) and tissue (t) samples was determined in a Packard 5 130 through hole gamma counter using optimum isotope window settings. The radioactivity of each isotope peak in the tissue samples was obtained by subtracting the background count and stripping away crossover from other isotopes with a computer program. Blood flow to 
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individual tissue samples was calculated from the relation: Qt = (Qr X R,)/R,, where Q is flow (ml.min-I) and R radioactivity (counts-min-I). These flows were then summed to yield total flow to the right ventricular free wall and left ventricular free wall plus septum. The corresponding inner and outer wall flows and full thickness flows to various regions of the right ventricular free wall were obtained by the appropriate combination of the same sample flows. As the right side of the interventricular septum is anatomically continuous with the endocardia1 portion of the right ventricular free wall but is usually considered as part of the left ventricular subepicardium in regional flow studies, blood flow to the right ventricular side of the septum was compared with that to the subepicardium of the left ventricular free wall and the subendocardium of the right ventricular free wall at the four pressures. All flows were normalised to 100 g of tissue.
CORONARY VASCULAR RESISTANCE
Mean coronary vascular resistance of the right ventricular free wall and the left ventricular free wall plus septum was calculated as:
where Q M~O is mean right ventricular or left ventricular blood flow litre emin-' * 100 g-I) , PART mean arterial pressure (Wa), and PA* mean left or right atrial pressure (Wa). Mean left atrial pressure was set at 15 mmHg (2 Wa) with the blood reservoir, whereas mean right atrial pressure was assumed to be 3 mmHg (0.4 Wa) lower (table) .
STATISTICAL ANALYSIS
The effect of blood pressure reduction on haemodynamic indices, myocardial blood flow, and coronary vascular resistance was analysed with two way and three way analysis of variance (ANOVA). 20 The between pressures and, where appropriate, the between regions sums of squares of the myocardial blood flow and coronary vascular resistance data were orthogonally partitioned into individual degrees of freedom. Pc0.05 was considered significant.
Results
HAEMODYNAMICS
Stepwise opening of the arteriovenous fistula produced progressive falls in arterial systolic, mean, and diastolic pressures but minimal changes in phasic right ventricular and mean right atrial pressures (table) . A 42% increase in the cardiac index between the control and lowest pressures was similar to that described previously in normal animals.21 10 (fig 3c) . By contrast, flow to the inner half of the left 'ventricular myocardium fell more than that to the outer half (fig 3a  and b) . As a result, the left ventricular inner to outer flow ratio declined linearly (pCO.005) from a control value of 1.15 to 0.91 at the lowest pressure (fig 3c) . This decrease in the left ventricular inner to outer flow ratio differed significantly (pt0.005) from the relative constancy of the corresponding right ventricular ratio.
OTHER RV REGIONAL FLOWS
Mean blood flow to full thickness segments around the right ventricular free wall was heterogeneous under control conditions (fig 4) . Segments forming the anterior margin of the right ventricular free wall received 11-25% more flow than adjacent central segments. A smaller difference ( 5 1 7 % ) existed between the central region and the segments of the posterior margin. The blood flow to individual segments did not change significantly during reduction of arterial pressure (fig 4) .
In the control state, flow to the right quarter of the Mean arterial pressure (mm Hg) interventricular septum (109 m1.min-l. 100 g-I) wa9 closer to the left ventricular free wall subepicardial quarter (125 mlmin-'. 100 g-') than the endocardia1 half of the right ventricularfree wall (78 mlmin-'.100 g-'). However, with a decrease in coronary perfusion pressure neither the flow to the right quarter of the septum nor that to the right ventricular endocardium changed significantly (fig 5a) . This response differed from the outer quarter of the left ventricular free wall (p<0.005), where flow fell by 16% during arterial pressure reduction (fig 5b) .
Discussion
The maintenance of total and regional blood flow to the right ventricular free wall as well as total flow to the right side of the interventricular septum during arterial pressure reduction in our study demonstrates the existence of an autoregulatory process within the right ventricular myocardium. This conclusion, however. assumes that right ventricular metabolic demands remained essentially constant throughout the changes in arterial pressure. Lowering arterial pressure with an arteriovenous fistula in our experiments could have raised right ventricular metabolic requirements either through the increased (table) or by changing right heart pressures. Muscle shortening, however, is a relatively minor determinant of myocardial oxygen consumption, both in isolated muscle16 and the intact heart2' 23 Doubling left ventricular output under controlled conditions, for example, raises left ventricular oxygen consumption by 8-17%.2"26 Extrapolating this relation to the right ventricle, we estimate that the 42% augmentation of cardiac output at our lowest pressure would have increased right ventricular oxygen requirements and blood flow by only 3-7%. In addition, right ventricular and right atrial pressures did not change significantly during arterial pressure reduction in our study. This was not unexpected as circulatory reflexes were eliminated with autonomic blockade and mean left atrial pressure was artificially controlled. These measures respectively attenuated the increment in right atrial pressure2' and prevented the increase in left atrial pressure2' usually associated with opening of an arteriovenous fistula. The control of mean left atrial pressure, in turn, minimised rises in pulmonary arterial pressures secondary to increases of pulmonary venous pressure29 and, through regulation of left ventricular filling pressure and a mechanical interaction of the ventricle^.^^ probably also dampened any fluctuations in right ventricular diastolic pressure.
We therefore conclude that right ventricular blood flow was not substantially influenced by metabolic factors during arterial pressure reduction and that our findings are indeed consistent with autoregulation of total and regional right ventricular myocardial blood flow. Moreover, since the canine right coronary artery is distributed to 60% of the right ventricular free wall,I3 l4 whereas branches of the left coronary artery supply the remainder of the right ventricular free wall and all of the ~e p t u m ,~' such autoregulation of right ventricular blood flow appears to be independent of the source of the arterial supply.
Previous studies in dogs have found little or no evidence of autoregulation within the right coronary circulation. Murray and Vatner increased mean arterial pressure from 91 to 120 mmHg with aortic constriction in autonomically blocked conscious dogs and noted that, whereas right ventricular pressures changed little, right coronary artery blood flow rose by 55%." Cross and Urabe and colleagues perfused the right coronary artery of anaesthetised dogs at various pressures and found a linear relation between changes in mean coronary perfusion pressure and right coronary artery blood flow." Proposed explanations for such apparently poor right ventricular autoregulation have included pressure dependent changes in right ventricular oxygen consumption and an autoregulatory range with narrower limits than in the left ventricle. However, all these previous studies measured right coronary artery blood flow rather than right ventricular myocardial tissue perfusion. As the right ventricular myocardium in the dog receives a dual blood supply this approach has two limitations in assessing right ventricular autoregulatory capacity. Firstly, only a portion of tissue flow to the right ventricular free wall and none of that to the right side of the interventricular septum is measured. Secondly, measurement of right coronary artery blood flow excludes overlap flowI7 arising from the extensive interdigitation of coronary arterial branches in the dog.17 32 Thus right coronary artery blood flow is almost certainly not synonymous with right ventricular myocardial tissue perfusion in this species. Even when Murray and Vatner completely occluded the right coronary artery in dogs, myocardial blood flow in segments of the right ventricular free wall supplied by this vessel was still between 45% and 74% of the control value.I4
The heterogeneous distribution of blood flow to the right ventricular free wall found in the control state was similar to that described previously in conscious dogs. l4 Our results also indicate that this heterogeneity is preserved during decreases in coronary perfusion pressure and increases in cardiac output. Functional 23 differences appear to be the basis of higher flows to the anterior margin of the right ventricular free wall (namely, the outflow tract) compared with the remainder of the right ventricular free wall. The duration of muscle c~n t r a c t i o n~~ 34 as well as the extent34 35 and maximal velocity of muscle shortening34 are all greater in the outflow tract region.
Our finding of similar control flows to the right side of the interventricular septum and the left ventricular subepicardium is in agreement with previous studies.36 37 However, on the basis of the flow preservation during arterial pressure reduction, we conclude that this part of the septum behaves like its anatomical continuity, the right ventricular subendocardium, rather than the left ventricular subepicardium.
In contrast to the right ventricle, left ventricular blood flow changes were dominated by metabolic factors and this therefore precluded any assessment of left ventricular autoregulation. The progressive fall in total left ventricular myocardial blood flow was consistent with decreases in left ventricular afterload, which are accurately reflected by mean arterial pressure in our preparation." We have previously shown (unpublished observations) that the redistribution of transmural left ventricular blood flow towards outer muscle layers during aortic pressure reduction is not accompanied by significant depression of left ventricular contractility, left ventricular dilatation, or electrical evidence of subendocardial ischaemia and occurs in the presence of demonstrable vasodilator reserve.
In summary, we lowered mean arterial pressure stepwise from 133 to 78 mmHg under controlled conditions in autonomically blocked dogs. Left ventricular myocardial blood flow fell progressively and was redistributed towards outer muscle layers. By contrast, right ventricular total and and regional myocardial blood flow remained constant. We conclude that total and regional blood flow to the right ventricularmyocardium, including the right side of the interventricular septum, is effectively autoregulated over a broad range of coronary arterial pressures. 
